Purpose: Plastic scintillation detectors are used for dosimetry in small radiation fields with high dose gradients, e.g., provided by b-emitting sources like 106 Ru/ 106 Rh eye plaques. A drawback is a background signal caused by Cerenkov radiation generated by electrons passing the optical fibers (light guides) of this dosimetry system. Common approaches to correct for the Cerenkov signal are influenced by uncertainties resulting from detector positioning and calibration procedures. A different approach to avoid any correction procedure is to suppress the Cerenkov signal by replacing the solid core optical fiber with an air core light guide, previously shown for external beam therapy. In this study, the air core concept is modified and applied to the requirements of dosimetry in brachytherapy, proving its usability for measuring water energy doses in small radiation fields. Methods: Three air core detectors with different air core lengths are constructed and their performance in dosimetry for brachytherapy b-sources is compared with a standard two-fiber system, which uses a second fiber for Cerenkov correction. The detector systems are calibrated with a 90 Sr/ 90 Y secondary standard and tested for their angular dependence as well as their performance in depth dose measurements of 106 Ru/ 106 Rh sources. Results: The signal loss relative to the standard detector increases with increasing air core length to a maximum value of 58.3%. At the same time, however, the percentage amount of Cerenkov light in the total signal is reduced from at least 12.1% to a value below 1.1%. There is a linear correlation between induced dose and measured signal current. The air core detectors determine the dose rates for 106 Ru/ 106 Rh sources without any form of correction for the Cerenkov signal. Conclusions: The air core detectors show advantages over the standard two-fiber system especially when measuring in radiation fields with high dose gradients. They can be used as simple one-fiber systems and allow for an almost Cerenkov-free scintillation dosimetry of brachytherapy bsources.
INTRODUCTION
Plastic fiber scintillation detectors are characterized by a spatial resolution in the submillimeter range, water equivalence, high sensitivity, and a large dynamic range. [1] [2] [3] [4] [5] [6] [7] [8] Thus, they are used for dosimetry of small radiation fields with high dose gradients, e.g., provided by b-emitting sources like 106 Ru/ 106 Rh eye plaques. 6, [9] [10] [11] [12] The drawback is the stem effect within both the optical fiber and the scintillator itself, mainly caused by fluorescence and Cerenkov radiation. 13, 14 Cerenkov radiation is produced by charged particles (in this case electrons) passing through a transparent medium at a velocity greater than that of light in the same medium. The number of generated Cerenkov photons depends on the refractive index of the fiber material, the energy of the electrons inducing the Cerenkov radiation, and on the irradiated fiber volume. 15 For the used fiber materials in this study, the threshold energies for electrons are 178 keV (PMMA) and 149 keV (BC 400). Caused by the electron energy dependence the Cerenkov light produced per optical fiber length in dosimetry of 106 Ru/ 106 Rh eye plaques is considerably higher than in other brachytherapy sources like for example 192 Ir.
When comparing the percentage of Cerenkov light in the total signal the difference between the scintillator volumes must be kept in mind. On the assumption that Cerenkov radiation is produced almost equally in the scintillator and the light guide (per volume unit), the overall Cerenkov signal is only slightly affected by the scintillator volume. The scintillator signal itself, on the other hand, is proportional to it. 1 The larger the scintillator volume is, the lower the relative Cerenkov amount will be. The correct consideration of the Cerenkov signal is complicated by the variation of the irradiated fiber volume when changing distance or angle between source and detector. It is not constant and hence cannot simply be segregated from the total signal. Common approaches to correct for the Cerenkov signal 16 in brachytherapy, like the two-fiber method, 3, 10 optical filtering, 17 and chromatic removal, 18, 19 are influenced by uncertainties resulting from detector positioning and calibration procedures. 20, 21 A different approach to avoid any correction procedure is to suppress the Cerenkov signal at its source by replacing the solid core optical fiber with an air core light guide in which no Cerenkov radiation is produced, previously shown for external beam therapy. 20, 22, 23, 24 Lambert and Liu et al. used scintillator volumes between 0.8 mm 3 and 3.9 mm 3 and a commercially produced silver-coated silica tube as an air core light guide between scintillator and solid core fiber with lengths between 0.12 m and 1.0 m.
In this study, the air core concept is modified to meet the requirements of dosimetry in brachytherapy. Precise dosimetry of fields with highdose gradients require a smaller scintillator volume (0.4 mm 3 ) with a well-known effective measuring point. The air core light guides are manufactured in-house to construct detectors as close to water equivalent as possible. Using 106 Ru/ 106 Rh and 90 Sr/ 90 Y b-sources (maximum energies 3.5 MeV and 2.3 MeV), the dosimetric performance and the percentage of Cerenkov light in the total signal of detectors with various air core lengths (5 mm to 17 mm) are examined. The air core system is compared to a standard two-fiber system, using a second fiber for measuring the Cerenkov signal alone. For high precision dosimetry of eye plaques, the measurements have to be performed consecutively with both fibers of the two-fiber system. Confined measuring conditions caused by the small shell-shaped sources and very short measuring distances do not allow for the fibers to be placed next to each other. Thus, an almost Cerenkov-free scintillation dosimetry without a second measurement will halve the effective measuring time.
The aim of this study is to develop an easy to handle and cost-effective detector system for the dosimetry of 106 Ru/ 106 Rh eye plaques. Because of its simple handling in both calibration and measurement procedures, which makes it interesting especially for the conditions in clinical routine, we choose the air core design and investigate the possibility of constructing detectors with negligibly small Cerenkov signals.
MATERIALS AND METHODS

2.A. Experimental setup
2.A.1. Measuring tables
The following investigations include different measuring setups with variations in distance and angle between detector and source. The two different measuring procedures are illustrated in Fig. 1 12 allows measurements of 3D dose distributions in a threedimensional Cartesian coordinate system. The radioactive source is mounted in the center of a water phantom. Using a high-resolution motor control unit the detector can be moved and positioned with an uncertainty of 1 lm. The detector points vertically downwards at all times (cf. Fig. 1 ). In this study, the xyz- measuring table is used to measure depth dose  curves of  106 Ru/  106 Rh eye plaques.  Surface-measuring table: With the surface-measuring  table, 10,11 the eye plaque and the detector can be moved in spherical coordinates and relatively to each other. The detector is always positioned perpendicular to the surface of the shell-shaped plaque, allowing measurements at a constant distance with a well known effective measuring point (cf. Fig. 1 ). The strict definition of the detector positioning and orientation in both measuring tables may appear unfavorable for some positions, especially near the edge of the 106 Ru/ 106 Rh eye plaque, where placing the fiber outside of the high dose area would be preferable in terms of minimizing the creation of Cerenkov light in the fiber. However, the measuring tables allow a reproducible positioning for every detector in every measurement and the same orientation of the cylindrical effective measuring volume relative to the source (cf. Section 2.A.2).
2.A.2. General setup
In this study, both detector systems (air core and twofiber) consist of two channels: the scintillator channel (SC) and the Cerenkov channel (CC). The general setup is illustrated in Fig. 2 . The scintillator channels base on cylindrical plastic scintillators (type BC 400, produced by Saint-Gobain Crystals, France) with a diameter of 1 mm and a height of 0.5 mm. An optical fiber (type CWKF-1001 E22, produced by Toray, Japan) with a length of 2 m is used to transmit the scintillation light to a photomultiplier tube (type H10721-210, produced by Hamamatsu Photonics, Japan). There are two photomultiplier tubes, one for each channel of the currently used detector system. The different systems are coupled consecutively to these two photomultiplier tubes for their measurements. The coupling to the photomultiplier tubes is controlled by repeated measurements using a 90 Sr/ 90 Y planar b-source (radioactive check device, type T48010, provided by PTW Freiburg, Germany) (see also Section 2.A.6). A control voltage of 0.9 V with a resulting gain of 10 6 is used. The typical values range from 0.1-300 nA and dark currents of approximately 2 pA. Using a picoamperemeter (Keithley type 6400 produced by Tektronix, USA), the currents are read out and processed in an automated measuring procedure implemented in LabVIEW (graphical user interface for programming, driving control and analysis, developed by National Instruments, USA). During a typical measurement session, there is a maximum variation in performance of the photomultiplier tubes of 1%. This value is included as a systematical uncertainty in the current uncertainty.
The detectors are enclosed by cylindrical RW 3 casings (water equivalent plastic), which are made opaque with black super glue (type Loctite 480, produced by Henkel AG & Co. KGaA, Germany) on their external surface. The black super glue prevents outside light from entering the detector, hence minimizing unwanted background signal.
To improve the light yield of the system the front end of the scintillator is covered with highly reflective mylar foil (type PCM0080, produced by Hahn Polyfilms GmbH, Germany) with a thickness of 8 lm. Any bondings and couplings are realized with optical cement (type BC 600, produced by Saint-Gobain Crystals, France) with a density of q BC 600 ¼ 1:18 g/cm 3 and a refractive index of n BC 600 ¼ 1:56, which are close to the ones of the scintillator (q sci ¼ 1:032 g/cm 3 , n sci ¼ 1:58). The effective point of measurement is determined according to IAEA guidelines. 25 The correction for the detector geometry, required because of the concave source and a rigid cylindrical detector, is about 20 lm for eye plaques and the detectors used in this study. Additionally, a correction for the high dose gradients has to be taken into account. This results in a shift of the effective point of measurement of about 20 lm in the opposite direction for dose fields near the eye plaque surface. Summarized, for scintillators with a height of 0.5 mm the effective point of measurement is assumed to be the center of the scintillator, leading to a minimum effective measuring distance of half a scintillator height plus combined thickness of mylar foil, bonding, and black super glue. The latter varies between 100 lm and 200 lm with an uncertainty of 30 lm. To avoid any contact between the detector and the inner, curved surface of the eye plaque, an additional safety distance of 100 lm has to be added to the minimum effective measuring distance.
Both the two-fiber and the air core method use a second detector to determine the Cerenkov ratio in the total signal. These Cerenkov channels are constructed in the same way as the scintillator channels but the scintillator itself is replaced by dummy material, allowing measurement of the Cerenkov signal alone in a second measurement at the same positions (cf. Section 2.A.3).
2.A.3. Cerenkov channel materials
For the Cerenkov channels, the scintillator cannot simply be omitted but has to be replaced by dummy material, ideally with identical optical and radiation weakening properties. Two different dummy materials are used, RW 3 to intentionally underestimate and BC 600 to overestimate the Cerenkov signal, providing a reliable range for it to certainly be in. Both materials have been introduced in Section 2.A.2, they are close to water equivalent and hence can be assumed to have similar radiation weakening properties as the plastic scintillator. RW 3 is less transparent, absorbs more light, and will therefore underestimate the actual amount of Cerenkov radiation. BC 600 on the other hand is specially produced to match the properties of the plastic scintillator (BC 400). However, it has shown a slightly higher light yield than the optical fiber. Measurements with 125 I seeds, for which Cerenkov light production is impossible, showed a distance-dependent signal for the BC 600 dummy detector, proving the additional light yield not to be caused by Cerenkov radiation. Although being too small to affect the measured signal when BC 600 is only used for coupling between components, this effect will indeed matter when BC 600 is used as a scintillator dummy with a comparatively large volume. Therefore, a background channel based on a BC 600 dummy is expected to overestimate the actual Cerenkov signal.
2.A.4. Standard two-fiber detector design
In the standard two-fiber system, the scintillator is coupled directly to the optical fiber. The system is constructed as described in Section 2.A.2 with two different background channels. The three channels will hereafter be called Std SC (standard scintillator channel), Std CC (RW 3) (standard Cerenkov channel with an RW 3 dummy), and Std CC (BC 600).
2.A.5. Air core detector design
Instead of a direct coupling between scintillator and optical fiber the air core detector is provided with an air core light guide to transport the light emitted by the scintillator to the optical fiber. To reduce signal loss between scintillator and optical fiber the inner surface of this light guide has to be highly reflective. Therefore, a small tube of the mylar foil (8 lm thickness: 50 nm aluminum, 7950 nm PET) is crafted with an inner diameter of 1 mm. Using optical cement the scintillator is then inserted into one end of the mylar tube and the solid core optical fiber into the other, leaving an air core of defined length in between. The specific air core length is a compromise between reducing the background signal and still ensuring a sufficient light transmission. Depth dose curves of the most commonly applied 106 Ru/ 106 Rh ophthalmic plaques show a decrease of the dose rates to 10% and 1% of its maximum for distances of approximately 5 mm and 10 mm in water. The maximum range of the electrons is 17 mm approximately. Therefore, air core lengths of 5 mm, 10 mm, and 17 mm are chosen, allowing an investigation of the influence of the air core length on the total signal and its Cerenkov ratio. In order to verify the desired reduction of the Cerenkov ratio suitable background channels are constructed in each case (cf. Section 2.A.2 and Fig. 2 ). According to their properties, the three air core scintillator channels will in the following be referred to as AC 5 SC, AC 10 SC, and AC 17 SC with corresponding Cerenkov channels.
2.A.6. Relative calibration
Possible differences in the transmission rates of the two respective optical fibers, their coupling to the photomultiplier tubes and the amplifications of the photomultiplier tubes require a relative calibration of the system. Therefore, the same signal is produced in both fibers, using a 90 Sr/ 90 Y planar beta source (radioactive check device, type T48010, provided by PTW Freiburg, Germany) to only irradiate the optical fiber and not the scintillator. The Cerenkov signals induced in this way are measured with a maximum overall uncertainty of 1.8% including variations in performance of the photomultiplier tubes, positioning of the detector and statistical uncertainties. The relative calibration factor K rel for the two-fiber system can be calculated from the measured currents of the scintillator I rel;SC and Cerenkov channel I rel;CC with a maximum combined uncertainty of 2.5%.
The corrected signal current I sig is given by subtracting the Cerenkov current I CC , multiplied by K rel , from the scintillator current I SC .
2.A.7. Absolute calibration
A 90 Sr/ 90 Y secondary standard certified by the National Metrology Institute of Germany (Physikalisch-Technische Bundesanstalt PTB) is used to calibrate every detector system. The certificate includes dose rates for seven distances between 1 mm and 5 mm on the central axis in RW 3 with an uncertainty of 4.1% (with coverage factor k = 1). Using RW 3 support structures, the signal currents at these distances are measured using each detector. The absolute calibration factor K abs is drawn from the linear correlation between the dose rate and the measured current of the detector by a linear fit.
The presented calibration procedures allow the calculation of a dose rate from a signal current.
2.B. Monte-Carlo simulations
The influence of the air core on the dose deposited in the scintillator is investigated with Monte-Carlo simulations of depth dose curves for a CCB ophthalmic plaque using Geant4 (version 10.2-p1). The scintillator itself has already been shown to be suitable for measuring water energy doses of 106 Ru/ 106 Rh eye plaques. 10 In this study, simulations are used to prove that the changes in the radiation field, for example the reduction of backscattering, which are to be expected when replacing the optical fiber with air and adding additional mylar foil, do not have any significant or distance-dependent influence on the dose deposited in the scintillator. The simulations are set up in accordance to the findings of Sommer et al. 26 for Monte-Carlo studies of 106 Ru/ 106 Rh eye plaques. Four detectors (Std SC, AC 5 SC, AC 10 SC, and AC 17 SC) are modeled according to their respective components and materials (cf. Fig. 2 ). The materials used are either predefined in Geant4 or can be composed using predefined materials. Doses are scored inside the scintillator volume for 11 distances between ophthalmic plaque and detector in a 10 cm 9 10 cm 9 10 cm water world. In an additional simulation only the scintillator is defined correctly while the rest of the detector volume is water. This setup represents an idealized plastic scintillation detector with the lowest possible influence on the radiation field when compared to the field in pure water, because the scintillator itself is inevitable for any detector of this kind. Therefore, this setup is considered the reference to which all results are presented relatively. To allow conclusions on the influence of the scintillator itself, the corresponding doses in water are simulated as well, with the same scoring volumes and positions, but with water not only in the surrounding world but also inside the scoring volume as well.
Using the full 106 Ru/ 106 Rh spectrum, a number of 5 Â 10 8 decays is simulated for each setup and every distance, ensuring a maximum statistical uncertainty of 1%. To prove the positioning independence of the results, the simulations are repeated for a distance of 1 mm and an angle of h ¼ 50 , for which the detectors point at the edge of the 106 Ru/ 106 Rh eye plaque instead of the center (cf. Fig. 1 ).
2.C. Measurement program
All measurements are performed consecutively with the scintillator and the Cerenkov channel. This method is used for all detector systems, including air core, to determine the Cerenkov ratio in the measured signal currents.
Any single measured current for the two measuring tables as well as for the calibration procedures is given as the mean value of a sample of measurements. The sample size is defined by an application developed in LabVIEW, which performs at least 100 measurements for each position and, if not already the case, continues to measure until the relative statistical uncertainty reaches a value below 0.2%. Including positioning uncertainties of the detector and the variation in performance of the photomultiplier tubes (cf. Section 2.A.2), the combined uncertainty for the measured current is 1.8%. All signal currents are corrected for their dark currents of approximately 2 pA. Occurring uncertainties are discussed in detail in Section 3.C.4. An absolute calibration (cf. Section 2.A.7) is performed for all detectors to verify a linear correlation between measured signal current and dose rate.
Using the xyz measuring table current courses on the central axis of a 106 Ru/ 106 Rh-plaque (type CCB serial number, 1974) are measured for every detector. The step size is 0.5 mm for distances of up to 5.0 mm and 1.0 mm for distances between 5.0 mm and 12.0 mm.
The surface-measuring table is used to investigate the angular dependence of the Cerenkov ratio for both detector systems. Furthermore, this measurement provides information about the Cerenkov ratios for scintillator positions within and beyond the edge of the radiation field. The detector is moved across the inner surface of the shell-shaped plaque (type CCB, serial number 1982) with a step size of h ¼ 2:5 and at a constant distance of d = 850 lm. Figure 3 shows simulated doses inside the scintillator volumes of the detector systems and inside pure water volumes of equal size relative to the absorbed dose in the scintillator volumes surrounded by water for different positions above a 106 Ru/ 106 Rh eye plaque. There is no indication for the air core to have any significant influence on the dose deposited in the effective measuring volume of the detector, especially when being compared to the standard system. Up to a distance of 6 mm, both systems show a relatively constant offset between 1% and 2% to the absorbed dose in the scintillator alone. A constant offset can be compensated in the calibration and has no significant effect on the calculated dose rates. Figure 3 also shows a difference of about 3% difference between scintillator and water volume. This is mainly caused by the difference in density and mass stopping power of scintillator and water, which amounts to 2.5% within the relevant energy range. 10 Additional simulations for detector and scoring volume positions at an angle of h ¼ 50 (cf. Fig. 1 ) and a distance of 1 mm to the surface of the eye plaque show similar results. The differences between the air core detectors relative to the pure scintillator scenario amount to 1.5% for the AC 5, 1.3% for the AC 10 and 1.9% for the AC 17, proving again no significant influence of the air volumes for a detector position above the edge of the eye plaque. Figure 4 shows the measured signal currents at the 7 distances given by the PTB certificate for the 90 Sr/ 90 Y secondary standard, plotted against the corresponding certified dose rates. According to the idea behind the two systems the signal of the standard system, has been corrected for its Cerenkov ratio [cf. Eq. (2)] while only the scintillator channels are used for the air core systems. All channels show a linear correlation between induced dose and signal response, proving the usability of the air core detectors in this energy range. ophthalmic plaque with the xyz measuring table. For the standard system, the Cerenkov ratio amounts to 12-17% for short measuring distances and decreases to a minimum of 4-8% for a measuring distance of 10 mm. The Cerenkov ratios for the air core systems are considerably lower. While the AC 5 shows a slight decrease from 1.7-6.2% for short measuring distances to a minimum of 0.6-4.9% for a measuring distance of 10 mm as well, the ratio stays close to constant for the AC 10 (2.2%) and AC 17 (1.1%). Using the results for the shortest effective measuring distance of 0.5 mm the loss in light yield for the air core systems is calculated relative to the standard system in Table I . The signal loss increases with increasing air core length. Simultaneously, the Cerenkov ratio decreases. As it is below 1.1% for the illustrated AC 17 system already, no AC 17 CC (RW 3) has been constructed. Its measured signal would hardly have surpassed the systems dark current.
RESULTS
3.A. Monte-Carlo simulations
3.B. Linearity of the signal response
3.C.2. Angular dependence
Measurements of the angular dependence illustrated in Fig. 6 show an increasing Cerenkov ratio for the standard system in the marginal areas of the ophthalmic plaque and its radiation field. The effect is based on scintillator positions beyond the active surface of the ophthalmic plaque, which ends at approximately h ¼ 47:3 . High-dose gradients cause the signal created in the scintillator to strongly decrease when crossing the margin of the radiation field. While this happens, the optical fiber is still inside the field for most parts of the measuring head (cf. Fig. 1) . The Cerenkov signal, mostly The grey area covers the maximum range for the Cerenkov signal or ratio to certainly be in for the respective system. It is defined and restricted by the results of the two different Cerenkov channels (using RW 3 and BC 600) and their uncertainties.
TABLE I. Measured currents of the scintillator channels for an effective measuring distance of 0.5 mm to a CCB ophthalmic plaque. The signal loss is calculated for the air core channels relative to the standard scintillator channel. Given Uncertainties correspond to the mean (I SC ) of a sample of measurements (cf. Section 2.C) and include all statistical and setup-based uncertainties (cf. Section 3.C.4). Medical Physics, 44 (9), September 2017 generated in the optical fiber behind the scintillator, is therefore less affected by these position changes, causing the Cerenkov ratio to increase. This can be seen for the shortest air core (AC 5) as well, although less distinct. AC 10 and AC 17 again show little to no relation between detector positioning and Cerenkov ratio. Figure 7 shows dose rates for the different detector systems, calculated from their measured signal currents and corresponding calibration factors. As all detectors have different thicknesses of black super glue in front of the scintillator (cf. Section 2.A.2), the effective measuring positions vary as well. For a better comparison between the systems, the presented data are taken from an exponential fit at the same distances for each detector system (
3.C.3. Calculated dose rates
, with dose rate _ D, distance d, and fit parameters f i ). The range given for the standard system is again based on calculations for the two different Cerenkov channels, including their overall uncertainty. There is a good agreement between all systems within their uncertainties which are presented in detail in Section 3.C.4.
3.C.4. Uncertainties of the presented systems
In accordance with the Guide to the Expression of Uncertainty in Measurement (JCGM 100:2008), the following analysis compares the AC 10 SC with the standard system and is based on the uncertainties given in Sections 2.A.6, 2.A.7 and 2.C. For all uncertainties in this study, the coverage factor k = 1 is used. Table II presents intermediate values as well as the overall uncertainty for the dose rates given by the AC 10 SC and the standard system. The calculations for the standard two-fiber system include a possible deviation in positioning of the two channels when measuring an ophthalmic plaque. Therefore, the uncertainties vary between the 90 Sr/ 90 Y source (calibration) and the 106 Ru/ 106 Rh source (CCB eye plaque). The calibration factor K abs is affected by the uncertainty of the dose rates given by the PTB certificate of 4.1%. In addition, all listed uncertainties take into account a variation of AE30 lm for the thickness of the black super glue which affects the effective measuring positions. Table II shows a slightly lower overall uncertainty of 5.1% for the dose rate calculated for the AC 10 SC compared to the standard system with 5.4%. The absolute calibration (cf. Section 3.B) is performed for the scintillator channel alone as well as for the Cerenkov-corrected system for both the air core and the standard system. For the standard system the dose rates for the Std SC deviate from the corrected system by 2% to 6% along the depth dose curve, making dosimetry with the Std SC alone inaccurate. For the AC 10 system on the other hand the deviation in dose rates between one-fiber and two-fiber system is below 0.7% along 10 mm of a depth dose curve, making the AC 10 SC a reliable one-fiber system.
DISCUSSION
The results consistently show a decrease of Cerenkov ratio and light yield for longer air cores, both generally meeting the expectations towards the air core system. For dosimetry of 106 Ru/ 106 Rh eye plaques the Cerenkov ratios of the AC 10 and AC 17 systems are lowered to below 2.2% and 1.1% respectively and are also nearly constant and independent from the detector positioning. Despite small scintillator volumes of 0.4 mm 3 and air core lengths of up to 17 mm all presented air core scintillator channels show good sensitivity in the energy range of the 106 Ru/ 106 Rh eye plaques used and the measured currents exceed the dark currents by at least one order of magnitude for all measuring positions. There is a good agreement for the dose rates of two-fiber and air core systems within their uncertainties. Additionally, both air core and mylar foil as parts of the presented in-house manufactured air core systems have no significant impact on the radiation fields of the 106 Ru/ 106 Rh eye plaques and especially on the detected signal in the scintillator. This may be a problem when using multidetector solutions.
The presented results and comparisons of Cerenkov ratios between air core and two-fiber systems depend on the processing quality of the channels. Inaccurate manufacturing and even varying quality of the scintillator, dummy, or optical fiber can affect the light yield of the systems. After comparison with other detectors manufactured in the same way, all detectors presented in this study are assumed to have an equally highprocessing quality and are suitable for a comparison among each other. Regarding uncertainties of the determined Cerenkov ratios one has to keep in mind the ultimate aim of the study. The Cerenkov channels were only used to prove that a Cerenkov correction is not necessary for air core detectors and are not a part of the eventually desired and achieved one-fiber air core system.
Compared to other Cerenkov correction procedures, the main advantage of the air core system is the simplicity of its application while simultaneously providing a sufficient reduction of percentage amount of the Cerenkov light in the total signal (12.1% to a value below 1.1%). The optical filtering method 17 makes use of the difference in the scintillation (emission peaks: BC400: 420 nm, BC430SR: 550 nm) and Cerenkov spectra, the latter being emitted mainly in the violet blue region. Using an optical filter, the Cerenkov signal can be reduced by up to 50%. In dosimetry of 106 Ru/ 106 Rh eye plaques, an additional Cerenkov correction would be still necessary, even after this filtering process. The chromatic removal method 18, 19 exploits the fact that the signal of a plastic scintillation detector system is a superposition of two signals (Cerenkov and scintillation). A deconvolution of this signal is possible after a calibration procedure. This procedure consists of two measurements, in both of which the scintillator has to be exposed to the same dose, but in which the position of the light guides has to be significantly different in order to produce two different Cerenkov signals. This method provides the possibility to exactly take the Cerenkov signal into account. Apart from a more complicated calibration process compared to the air core method, this process cannot simply be transferred to 106 Ru/ 106 Rh eye plaques and our measuring tables. It would be difficult to reproducibly expose the scintillator to a defined dose and at the same time change the Cerenkov signal in the light guides to a sufficient amount. This would be especially complicated in our surface measuring table, which is limited to a small motion range. The twofiber method in Ref. [3] and the one described in this study FIG. 7 . Depth dose curves of a CCB ophthalmic plaque for the corrected standard system and the air core scintillator channels. The grey area covers the deviation between calculated dose rates for the standard system corrected with the Std CC (BC 600) and with the Std CC (RW 3), including all their uncertainties. differ only in the measuring procedure. In Ref. [3] , the two fibers are placed next to each other and the scintillator and Cerenkov signals are measured at the same time. The confined measuring conditions caused by the small shellshaped sources and very short measuring distances require a measurement with both channels consecutively. Thus, in comparison to our two-fiber system, the calibration procedure for the air core system takes less time and is less error-prone as only one channel and one photomultiplier tube have to be taken into account. The omission of the second measurement, previously required to determine the Cerenkov amount, effectively halves the measuring time while still ensuring a similar accuracy as a two-fiber system. The simple application of air core detectors and the reduction of required measuring time offers the opportunity for a more extensive dosimetry for 106 Ru/ 106 Rh eye plaques, especially in clinical routine.
The air core concept, first described by Lambert et al. 23 for external beam therapy and by Liu et al. 24 for small fields between 5 mm and 30 mm in width, is transferable to the dosimetry of 106 Ru/ 106 Rh eye plaques. Instead of using commercially produced silver-coated silica tubes, we manufactured air core light guides in-house using mylar foil. This cost-effective solution is limited to air core lengths of about 0.1 m. Apart from the manufacturing process of the mylar foil tubes becoming rather complicated for longer air cores, the light transmission as well is no longer sufficient for air cores longer than 0.1 m and the small scintillation signals in dosimetry of 106 Ru/ 106 Rh eye plaques. In addition, air cores made of mylar foil are highly sensitive to slightest touches, so they have to be placed in a support structure, which we realized with the RW 3 casings we already used for our standard two-fiber system. For greater air core lengths however, this sensitivity would create problems in manufacturing and handling. In contrast to this, air core lengths of up to 1 m were used in Ref. [23] with silver-coated silica tubes.
Future studies will help to establish the presented air core system in clinical routine of brachytherapy dosimetry for 106 Ru/ 106 Rh eye plaques. Furthermore, the system is a promising alternative for dosimetry with 192 Ir seeds used in afterloading and other brachytherapy applications, but requires further studies in these fields.
CONCLUSION
We developed a cost-effective and easy to implement air core detector design for the dosimetry of 106 Ru/ 106 Rh eye plaques and compared it to our standard two-fiber system. The signal loss relative to the standard detector depends on the air core length and in this study increases to a maximum value of 58.3% for an air core length of 17 mm, which still provides a sufficient light yield. At the same time, the percentage amount of Cerenkov light in the total signal is reduced from varying, positioning dependent values above 12.1% for the standard system to values below 6.2% for the 5 mm air core and to constant values below 2.2% for the 10 mm air core and below 1.1% for the 17 mm air core. All detectors were tested under various conditions, including the measurements of depth dose and surface dose distributions of 106 Ru/ 106 Rh eye plaques. The air core detectors determine the dose rates with an uncertainty of 5.1% and without any form of correction for the Cerenkov signal. The latter is why the measuring time is effectively halved compared to the presented two-fiber system, which is an advantage especially for the use in clinical routine. Additionally, the air core detectors profit from a comparably easy handling and a simplified calibration procedure. 
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